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’ INTRODUCTION
The selective functionalization of CH bonds by transition-
metal complexes has been an active area of research for several
decades, one which offers the potential for a wide variety of
applications. Despite the remarkable advances in this field,
significant obstacles to practical processes have yet to be over-
come; in particular, reaction rates and selectivities are often
insufficient. The step in which CH activation takes place will
generally be both rate and selectivity determining; hence, a good
deal of effort has been devoted to gaining an understanding of the
detailed mechanism(s) of that step.1
Our group and others have focused on electrophilic activation
at platinum and palladium centers, which proceeds via the
generalized stoichiometry shown in Scheme 1.28 In many cases
it is quite difficult even to observe the metal alkyl species,
let alone determine the mechanism of its formation. Mechanistic
studies on the protonolysis of model metal methyl complexes,
the microscopic reverse of electrophilic activation (also shown in
Scheme 1), have been found to constitute a useful, if indirect,
strategy.914
Two alternate protonolysis mechanisms are shown in
Scheme 2. Pathway A (red) involves direct, concerted proton-
ation at the metalmethyl bond, leading directly to a methane
σ-adduct, followed by loss of the alkane. In pathway B (blue)
protonation takes place at the metal center to generate a
(formally oxidized) metal hydride intermediate, which under-
goes reductive coupling to generate the σ-adduct and then
dissociates alkane. The reverse of those two pathways would
correspond to mechanistic alternatives for CH activation
(although it should be noted that protonolyses of model
compounds are usually irreversible).
The observation of platinum(IV) alkyl hydride intermediates
in several low-temperature protonolyses has been taken to support
the stepwise pathway B.15,16 However, because all steps prior
to alkane loss are typically fully reversible under the reaction
conditions, observation of a metal hydride species is not
conclusive evidence for pathway B: it is conceivable that
reductive coupling does not take place, and protonolysis
proceeds only by reversion to starting complex followed by
pathway A. For Pd-based systems1720 the concerted pathway
has generally been preferred, since PdIV is believed to be less
accessible. Indeed, palladium(IV) alkyl hydride intermediates
are generally not observable, but again, that does not rule out
Scheme 1
Scheme 2
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ABSTRACT: Earlier work on protonolyses of several palladium
and platinum methyl complexes (with release of methane) had
suggested the possibility that observation of an unusually large
kinetic isotope effect, consistent with significant contributions
from quantum mechanical tunneling, might be diagnostic of
a mechanism involving direct protonation of the metal
methyl bond, as opposed to one proceeding via a metal
hydride intermediate. By extension of these measurements to
a wider set of complexes, we find no support for the proposed
correlation.
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their participation. It does not appear possible to rigorously
distinguish between the mechanistic alternatives on these
grounds.
Measurement of the kinetic isotope effect (KIE) has proven to
be a highly useful mechanistic tool, which has been applied to
many studies of CH activation by organometallic systems.21,22
To date, though, no clear correlation between KIE andmechanism
has been established, for either activation or protonolysis.15,16
Recently we reported the observation of unusually large KIE
values—around 20 at room temperature—for the protonolysis
of several PdIIMe species, including (dppe)PdMe2 (dppe =
1,2-bis(diphenylphosphino)ethane), as well as (cod)PtMe2
(cod = 1,5-cyclooctadiene).23 KIEs of that magnitude often signal
a substantial quantum-mechanical tunneling component2426
(although alternate interpretations can be offered27). The
KIEs for these protonolyses also exhibited unusual tempera-
ture dependence (Arrhenius parameters Ea
D EaH > 1.2; AH/AD
outside the range of 0.5 < AH/AD < 2
1/2), which is taken as
further evidence for tunneling.2831 We felt that concerted
pathway A might be preferred here, not only for the Pd
complexes (as discussed above) but also the Pt complex, since
the π-acceptor cod ligand should disfavor PtIV. Indeed, no
PtH intermediate could be observed for this complex, even
at low temperatures. In contrast, much smaller (or even
inverse) KIEs were found in earlier studies of protonolysis
for Pt complexes that do lead to observable platinum(IV) alkyl
hydride intermediates at low temperatures.12,15,16,32
Comparison of DFT calculations for protonolysis of a PdII
complex and (cod)PtMe2 with those for (tmeda)Pt
II(CH3)Cl
(which experimentally exhibited normal KIE values and an
observable platinum(IV) alkyl hydride intermediate) supported
the proposal that the former pair follow pathway A while the
latter goes by pathway B. We took these findings to suggest that
KIE values indicating tunneling might be a marker for pathway
A,23,33 although with so few examples this suggestion was highly
speculative. To further test the proposal, we examined KIEs
(including temperature dependences) for protonolysis of several
additional metal methyl species, particularly including complexes
in their highest accessible formal oxidation state, for which
pathway B should not be possible. We report here our findings,
which appear to exclude any correlation between a concerted
protonolysis pathway and abnormally large KIE values and also
call attention to methodological issues in the determination of
temperature-dependent KIEs.
’RESULTS AND DISCUSSION
Determination of the Temperature Dependence of KIEs.
Initial experiments were aimed at verifying our methodology, by
repeating measurements for protonolysis of (cod)PtMe2 by
trifluoroacetic acid (TFA). While we were able to reproduce
the previously reported23 room-temperature value quite well,
agreement at both reduced and elevated temperatures was much
less satisfactory: not only was the temperature dependence flatter
but also the scatter among duplicate runs was considerably larger
than before. In retrospect, perhaps this problem should have
been anticipated. KIEs were determined by treating the organo-
metallic complex with a mixture of HX and DX, the ratio of the
acidic reagents to one another being chosen so as to give an easily
analyzable (by NMR) mixture of CH4 and CH3D. If the KIE is
large, thorough mixing is crucial; otherwise, HX can become
locally depleted, giving distorted results. However, to achieve
good mixing and temperature control simultaneously is not so
straightforward. We performed a series of experiments, using
different methods, to investigate the scope of this problem and
(hopefully) to identify the best way to deal with it.
Formethod 1, amixture of solvent (CD2Cl2) and acid (0.5 and
0.2 mL, respectively) was loaded into a NMR tube with a septum
cap. The metal complex was dissolved separately in a small
amount of solvent (0.2 mL) and placed in a vial, also equipped
with a septum top. The NMR tube was cooled or heated in an
appropriate temperature bath. The metal solution was added
dropwise by syringe to the NMR tube, which was repeatedly
inverted and replaced in the bath between additions. (Thismethod
is analogous to that followed in previous measurements.23)
For method 2, the acid/solvent mixture was put into a septum-
capped GC vial equipped with a stir bar. The vial was immersed
in the bath, the metal solution was injected dropwise with
constant stirring over a period ranging from 30 s to 2 min
(varying the rate of injection had no systematic effect on the
observed KIE), and the final solution was transferred by syringe
to a septum-capped NMR tube. This method would be expected
to provide better mixing and temperature control than method 1,
at the potential cost of loss of dissolved methane during transfer;
the latter problem proved to be minor enough that good NMR
signals could easily be obtained.
Method 3 was designed specifically for measurement at 0 C:
samples were prepared as in method 1, and all NMR tubes, vials,
and syringes, along with a thermometer, were allowed to
equilibrate in a cold room for 1 h before injection as above.
Results for the three methods are shown in Table 1, along with
the previously reported data for the protonolysis of (cod)PtMe2.
It can be seen that (1) the earlier room-temperature result could
be reproduced,34 although its estimated uncertainty was prob-
ably too optimistic, (2) methods 1 and 2 can give significantly
different results, particularly at the lowest temperature studied,
and (3) the variation of KIE with temperature is significantly
smaller in the present work than in the published data (for
(cod)PtMe2). It seems most likely that problems with tempera-
ture control are the most important source of uncertainty.
The higher uncertainties in KIE values at each temperature are
magnified in the determination of Arrhenius parameters, espe-
cially AH/AD, which is calculated by extrapolation of the best-fit
Table 1. Measured KIEs for the Protonolysis of (cod)PtMe2
as a Function of Temperature and Method
temp, C method no. of trials KIE
8 1 7 20.8( 1.0
8 2 4 26.7( 1.4
0 1 3 20.0( 2.1
0 2 5 22.7( 0.9
0 3 3 22.9( 1.7
0 previousa 25.9( 0.3
23 1 4 18.0( 0.9
23 previousa 17.5( 0.3
40 1 3 16.4( 0.6
40 2 3 15.5( 0.5
40 previousa 12.1( 0.3
60 previousa 9.2( 0.3
80 previousa 6.9( 0.3
aAs reported in ref 23.
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line to the intercept. The previous estimates were Ea
D  EaH =
3.2( 0.2 and AH/AD = 0.08( 0.03.35 The most we can say from
our more extended data set is that Ea
D EaH falls in the range of
0.82.6 and AH/AD in the range of 0.14.5. These values do not
definitively signal tunneling, but they are not inconsistent with it
either, and we continue to believe that the extremely large (and
completely reproducible) room-temperature KIE results from
significant tunneling contributions.
KIE Values for Protonolysis of Varied Complexes. A num-
ber of further complexes were chosen to test the hypothesis that
large KIE values may be characteristic of protonolyses that follow
concerted pathway A. First, we selected amain-group compound,
ZnMe2, as well as a transition-metal compound in its highest
accessible oxidation state, (tBu2Cp)2ZrMe2; for both of these,
stepwise pathway B, proceeding via initial protonation at the
metal, should not be possible. If the hypothesis were correct,
the Zn and Zr complexes would exhibit large KIEs. Next we
compared (PONOP)RhMe and (PONOP)IrMe (PONOP =
2,6-bis(di-tert-butylphosphinito)pyridine); Brookhart et al. have
found that protonation of the Rh complex at low temperature
(110 C) gives an unprecedented observable methane adduct,
whereas the Ir analogue gives an observable IrH species even at
room temperature.36 If we assume that the observation (or
absence thereof) of a metal hydride is indicative of the reaction
pathway being followed, then our hypothesis predicts that the Rh
complex would likewise display a large KIE, while the Ir complex
would not. We also examined the protonolysis of (dppe)PdMe2
(previously studied using TFE) by TFA.
In all cases KIEs were determined by protonolysis with a
mixture of TFA and TFA-d, using both methods 1 and 2, over a
range of temperatures. Room-temperature values are given in
Table 2 (the complete set of data is shown in the Supporting
Information); it is obvious that they do not support the hypoth-
esis and that there is no readily discernible correlation between
KIEmagnitude andmechanism. For the Zn and Zr cases, one has
a borderline-high KIE but the other is the lowest of all, the Rh and
Ir cases come out opposite to what had been predicted, and the
high KIE previously observed for the Pd case disappears on
changing the protonating agent from TFE to TFA. Other exam-
ples of acid-dependent KIEs have been reported,3739 although in
those cases, where the solvent was either the acid itself39 or
THF,37,38 partitioning effects may be operating. Such effects seem
less likely to be important here, with CD2Cl2 as the main
constituent of the solvent, although they cannot be completely
ruled out because of the high concentrations of acid used.
Two potentially complicating factors merit comment. First,
whereas the earlier study involved dimethyl complexes in which
only one of the two methyls underwent protonolysis, both are
cleaved for ZnMe2 as well as for (dppe)PdMe2 with TFA. In
such cases the measured KIE will represent an average of two
protonolysis events which need not exhibit the same value. How-
ever, it is highly unlikely that the observed KIEs, which are fairly
small (around 3 and 7, respectively), could be consistent with a
very large KIE in one step: that would appear to require a
substantially inverse KIE for the other. This factor thus does not
appear able to account for the dramatic and unexpected differ-
ence in KIE values for Pd on changing fromTFE to TFA. Second,
protonolysis of (PONOP)IrMe gave a small amount of CD2H2
in addition to the expected isotopologues, indicating that both
protonation and reductive coupling are somewhat reversible and
loss of methane is relatively slow, leading to some isotopic
scrambling. As a consequence, the measured KIE will be some-
what higher than the “true” value for the initial proton-transfer
event; hence, the apparent difference between the Rh and Ir
analogues may not be significant.
The problems with reproducibility away from room tempera-
ture, discussed earlier, precluded determination of reliable Ar-
rhenius parameters in most cases: either the scatter was so large
that the uncertainties exceeded 100% of the average value (Zn, Pd)
or insufficient material was available for multiple determina-
tions (Rh, Ir). For the Zr complex, the values were determined
to be Ea
D  EaH = 0.3 ( 0.1 and AH/AD = 5.6 ( 1; the latter
suggests tunneling, while the former does not. It does not
appear possible to draw any conclusions from the temperature
dependence of these KIEs.
’CONCLUSIONS
The absence of any discernible pattern in the room-tempera-
ture data (which is quite reproducible) clearly disproves the
hypothesis of a correlation between large KIE values (whether
attributable to tunneling or not) and protonolysis reaction
mechanism. It may be worthwhile to add a general caveat: in
light of the complex array of factors that can contribute to the
magnitude of KIE in any given case,27 mechanistic interpreta-
tions of KIE data—particularly a relatively limited set of data—
should be offered with caution.
’EXPERIMENTAL SECTION
General Considerations. (dppe)PdMe2,
40 (η5-C5H3-1,3-
(CMe3)2)2ZrMe2,
41 (PONOP)RhMe, and (PONOP)IrMe36,42
were synthesized following published methods (the last two were
kindly provided by Michael Findlater). (cod)PtMe2 and ZnMe2
were purchased from Aldrich and used without further purification.
CD2Cl2 was purchased from Cambridge Isotope Laboratories;
before use it was degassed by three freezepumpthaw cycles
and stored over alumina overnight in a N2-atmosphere glovebox.
For each KIE measurement experiment, the ratio of protio acid to
methyl was at least 10:1 to ensure that the ratio of protio to deuterio
acid remains approximately the same throughout the course of the
reaction. 1H NMR spectra were recorded on a 600 MHz Varian
spectrometer.
Kinetic Isotope Effect Measurements. Method 1. In a N2-
atmosphere glovebox, 0.500 mL of CD2Cl2 was placed in a septum-
capped NMR tube along with 0.200 mL of a 10:1 mixture of TFA-d and
TFA. The metal complex (5 mg for solids, 0.5 μL for ZnMe2) was
dissolved separately in 0.200 mL of CD2Cl2 in a septum-capped vial.
Outside of the glovebox, the NMR tube was immersed in a heated oil
bath or icesalt bath at the appropriate temperature and allowed to
equilibrate for 5 min. The metal complex solution was added to the
NMR tube dropwise via syringe with continuous mixing by inversion of
the tube.
Table 2. Measured KIEs for the Protonolysis of Various
MethylMetal Complexes by TFA at 23 C
complex KIE
ZnMe2 3.1( 0.7
tBu2Cp2ZrMe2 10.1( 0.7
(PONOP)RhMe 6.1( 0.4
(PONOP)IrMe 10.5( 1.1
(dppe)PdMe2 6.9( 0.2
(cod)PtMe2 18.0( 0.9
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Method 2. In a N2-atmosphere glovebox, a 1.5 mL vial equipped with
a stirbar was charged with 0.500 mL of CD2Cl2 and 0.200 mL of a 10:1
mixture of TFA-d and TFA and capped with a septum. In a separate vial,
the metal complex (5 mg for solids, 0.5 μL for ZnMe2) was dissolved in
0.200 mL of CD2Cl2 and capped with a septum. An NMR tube was also
capped with a septum under the inert atmosphere. Outside of the
glovebox, the vial containing the acid mixture and stirbar was placed into
the appropriate temperature bath and allowed to equilibrate for 5 min.
The metal solution was then injected via syringe dropwise to the stirring
mixture over a period ranging from∼30 s to 2 min; no systematic effect
of addition rate on KIE could be seen. After complete addition, the
reaction mixture was transferred to the septum-capped NMR tube using
a gastight syringe.
Method 3. The experimental setup for this method was identical with
that of method 1 prior to removal from the glovebox. The vial and NMR
tube were taken from the glovebox and, along with a syringe, allowed to
equilibrate in the cold room at 0 C for 1 h. The metal complex solution
was then added to the NMR tube dropwise via syringe, with continuous
inversion of the tube as in method 1.
NMR Measurements. For each reaction mixture, five single-scan
spectra were recorded (with an attenuation time of 5 s), with several
minutes between scans. The ratio of integrated intensities for the CH4
and CH3D signals was averaged over the five spectra and multiplied by
10 (because of the 10:1 ratio of TFA-d and TFA used in the experi-
ments) to give the KIE value. Each experiment (at different tempera-
tures and using different methods) was carried out at least in triplicate
(except for the Rh and Ir samples, for which there was insufficient
material to do so).
1H NMR Spectral Data for Organometallic Products. In all
cases (except ZnMe2) the
1H NMR spectrum of the reaction mixture
showed a single organometallic product, consistent with clean proto-
nolysis of one or two methyl groups, while the 19F NMR spectrum
showed a single peak, consistent with fast exchange between complex
and excess acid. The reaction of (cod)PtMe2 with excess TFA gave
(cod)PtMe(TFA): 1H NMR (CD2Cl2) δ 5.505.46 (m, 2H),
5.805.60 (m, 2H), 2.72.2 (m, 8H), 0.78 (s, 3H, 2JPtH = 30 Hz).
The reaction of (dppe)PdMe2 with excess TFE gave (dppe)PdMe(TFE):
1H NMR (CD2Cl2) δ 7.87.4 (m, 20H), 2.502.10 (m, 4H), 0.54
(br, 3H). The reaction of (dppe)PdMe2 with excess TFA gave
(cod)Pt(TFA)2:
1H NMR (CD2Cl2) δ 7.887.56 (m, 20H), 2.8
2.55 (m, 4H). The reaction of ZnMe2 with excess TFA (presumably)
gave Zn(TFA)2; no
1H NMR signal other than those for the acid,
solvent, and methane isotopologues were observed. The reaction of
tBu2Cp2ZrMe2 with excess TFA gave
tBu2Cp2ZrMe(TFA):
1H NMR
(CD2Cl2) δ 6.76.3 (m, 6H), 1.30 (s, 3H), 1.28, (s, 9H), 1.25 (s, 9H). The
reaction of (PONOP)IrMe with excess TFA gave (PONOP)Ir(TFA):
1H NMR (CD2Cl2) δ 8.00 (t, 1H,
3JHH = 12 Hz), 7.11 (d, 2H,
3JHH =
6Hz), 1.61.3 (m, 36H). The reaction of (PONOP)RhMewith excess
TFA gave (PONOP)Rh(TFA): 1H NMR (CD2Cl2) δ 7.56 (t, 1H,
3JHH = 6 Hz), 7.37 (d, 2H,
3JHH = 6 Hz), 1.34 (d, 18H,
3JHH = 6 Hz),
1.26 (d, 18H, 3JHH = 6 Hz).
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